Lignin, a major polymeric constituent of woody plant tissue, is an abundant source of natural organic matter available as a waste product from the pulp and paper and the fuel ethanol industries. In this study, the sorptive capacity of acid hydrolysis lignin for naphthalene, a representative nonpolar hydrophobic organic compound (HOC), was investigated. When powdered lignin is mixed with distilled water, dissolved and/or colloidal organic matter leaches into the aqueous phase imparting a cloudy yellowish colour. A washing and filtering protocol was developed for pretreating the lignin employed in the sorption studies. Results from batch sorption experiments showed that acid hydrolysis lignin has a strong affinity for naphthalene. The Freundlich isotherm coefficients obtained indicate that the sorption isotherm for naphthalene on hydrolysis lignin is nearly linear. A modified Freundlich equation was employed in order to compare sorption data for HOCs on lignin and activated carbon through the use of unit equivalent coefficients. The results presented in this research and in the literature suggest that the two sorbents are comparable in terms of sorption coefficients. It was determined that acid hydrolysis lignin is unsuitable for use in a packed bed since pumping a naphthalene solution through a column packed with lignin caused the wet lignin to become significantly hardened over time, resulting in a large pressure drop across the system.
Introduction
While activated carbon is the most predominantly used sorbent for the removal of organic contaminants from water and wastewater (Eckenfelder 2000) , several alternative sorbents for organic compounds are available. For example, common sorbents for non-volatile organics include aluminum oxide (γ-Al 2 O 3 ), zeolite (crystalline aluminosilicate), and clays such as bentonite and laponite (Yang et al. 1999) . Polymeric sorbents such as XAD resins and the recently developed Friedel-Crafts modified polystyrene (FCMPS) are frequently used for removal of volatile organic compounds (Simpson et al. 1996) . However, these sorbent materials are rather expensive, motivating a search for easily available, low-cost alternatives.
Several inexpensive natural materials such as wood, pine bark, peat, rice straw and fly ash have been successfully used for wastewater treatment (Poots et al. 1976; Smith et al. 1978; Allen et al. 1994; Mitra et al. 1986; Marik et al. 1994 ). Lignin is a major polymeric constituent of woody plant tissue (25-35% of softwood mass) whose role is to bind cellulose fibers together to form the basic wood structure. It is an amorphous, highly polymerized substance consisting mainly of phenyl propane units linked together in a three-dimensional network (Biermann 1996) .
Since lignin is abundant in the biosphere, and is recalcitrant to decomposition, it is likely to be a significant constituent of soil organic matter (Garbarini et al. 1986 ). Due to its polymeric macromolecular structure, lignin has been suggested as a precursor to humic substances (Stevenson 1982) . Lignin represents a large source of natural organic matter that is easily available for industrial purposes (Lindberg et al. 1989) , and it shows promise as an effective sorbent for hydrophobic organic contaminants (HOCs).
While it has been established that various fractions of natural organic matter (NOM) have different capacities to sorb organic compounds (Luthy et al. 1997) , the reasons for these differences are not completely understood. Several theories have been proposed to relate the structure and composition of NOM to its affinity for the sorption of organic compounds. Sorbent characteristics such as polarity (Rutherford et al. 1992) , elemental composition (Garbarini et al. 1986; Grathwohl 1990) , diagenic age (Lebouef and Weber 1997 ) and "quality" (polarity and aromaticity) (Xing et al. 1994 ) have been suggested as important factors. In accordance with these theories, the high sorption capacity of lignin for organic compounds can be explained by the fact that it is relatively non-polar, has a high degree of aromaticity, and has low O/C and O/H ratios.
The lignin molecule bears many functional groups, such as hydroxyl groups, ether groups, carbonyl groups, and benzyl groups, which represent active sites for sorption, where binding activities such as hydrogen bonding, coordination and covalent linking, and acid-base interactions can occur (Dizhbite et al. 1999 ). Kubicki and Apitz (1999) developed molecular models to predict the chemistry of organic contaminant interactions with various components of NOM. They performed a molecular dynamics simulation with a model lignin molecule that was solvated by surrounding the structure with water molecules within 3-D periodic boundary conditions. Energy minimization of the aqueous phase lignin molecule resulted in a significant amount of coiling. When sorption of naphthalene into the lignin was modeled, the simulation predicted the development of void spaces within the lignin molecule capable of retaining naphthalene. While these predictions cannot be directly extrapolated to specific preparations of lignin, the results do indicate that the sorptive properties of lignin warrant further investigation.
It has been reported that lignin dominates the sorption of nonpolar compounds to wood and pulp fibers (Yang et al. 1989; Severtson et al. 1996; Mackay et al. 2000) . Furthermore, when compared to other forms of NOM, such as cellulose, chitin (Xing et al. 1994) , and humic acid (Garbarini et al. 1986; Chefetz et al. 2000; Benoit et al. 1999) , lignin was determined to have a higher sorption affinity for organic compounds. Hence, there is ample evidence to support the investigation of lignin as a sorbent for hydrophobic compounds.
However, it should be stressed that there are several varieties of processed lignin. Their different properties and characteristics depend not only on their source, be it softwood, hardwood, or grass, but also on the technique used to separate these compounds from the cellulose and hemicellulose in the plant tissue. In the acid hydrolysis process, woody plant tissue from trees or other types of vegetation is employed as a raw material to produce ethanol, the most widely used alternative vehicle fuel in the world. Brazil is the largest producer and consumer of fuel ethanol, requiring a total of over 12 billion litres of ethanol a year (Poulton 1994) . The manufacture of ethanol from cellulosic materials is on the rise in Canada, in order to meet the growing demand for ethanol as a fuel additive and for industrial purposes. At present, Canadian ethanol production for all markets is 238 million litres annually, and that value is expected to rise to 675 million litres over the next few years (Canadian Renewable Fuels Association 2000) .
In the acid hydrolysis process, hot, dilute sulfuric acid is percolated through the plant matter in order to hydrolyse the cellulose, and the resulting acidic sugar liquor is then fermented to ethanol. The solid residue from this process is known as hydrolysis lignin (Burton 1982) . Contrary to other commercial lignins produced by the pulp and paper industry, such as lignosulphonates, kraft, and organosolv lignins, hydrolysis lignins maintain a three-dimensional, cross-linked configuration and most closely retain the natural structure of lignin prior to its isolation from the plant tissue. For these reasons, hydrolysis lignins are more suitable for sorption applications than other commercial lignins. A survey of the scientific literature shows that acid hydrolysis lignin is frequently chosen for sorption studies involving lignin (Dizhbite et al. 1999; Yang et al. 1989; Nikiforov et al. 1987; Babina et al. 1980; Morekin 1978) .
The criteria for the organic compound to be used in this work were that it be: 1) non-polar, 2) non-ionic, 3) hydrophobic, and 4) non-reactive. Naphthalene (C 10 H 8 ) is a polycyclic aromatic hydrocarbon that matches these requirements, and was thus selected as the target organic contaminant for this investigation. Polycyclic aromatic hydrocarbons (PAHs) are a class of organic compounds considered as priority pollutants by the U.S. EPA, due to their toxicity and potential carcinogenicity (EPA 2000) . High concentrations of PAH compounds are found in wastewater generated by industries such as petroleum and coal processing. Elevated PAH concentrations are also found in ground and surface waters at former manufactured gas plant sites and sites where wood treatment with creosote has been practiced.
The objectives of this study were: 1) to develop an equilibrium partitioning relationship between aqueous and sorbed naphthalene concentrations using data from sorption tests involving a lignin-water batch system, and 2) to determine the suitability of a specific lignin preparation for use as a sorbent in a packed bed. The results allow the evaluation of lignin as a sorbent for treatment of HOC-containing wastewaters, and will improve our understanding of the extent of sorption of PAHs in ground and surface waters into lignin-rich soil or other natural products.
Materials and Methods

Materials and Equipment
Dried, powdered hydrolysis lignin (also referred to as hydrolytic lignin) was obtained from Sigma-Aldrich Canada Ltd. (Oakville, Ontario). The company product information indicates that this lignin preparation was isolated from a commercial hydrolysis pilot plant using primarily sugar cane bagasse as raw material. Its molecular structure contains primary and secondary aliphatic as well as phenolic OH groups, the degree of methoxylation is 9 to 11%, and phenylpropane repeat units are linked via C-C and C-O-C bonds. The IR spectrum of this lignin product indicates the presence of C=O groups, and the H-NMR spectrum attests to the predominance of phenolic over aliphatic OH groups, and to the presence of CH3 groups. The molecular weight distribution of this preparation reflects number and weight average molecular weights of 1700 and 19,300 g/mol respectively. This lignin product is soluble in aqueous alkali and in selected organic solvent mixtures.
Naphthalene crystals with a purity of 99%+, and radiolabelled ( 14 C) naphthalene were also obtained from Sigma-Aldrich Canada Ltd. The radiolabelled naphthalene was stored as a methanol solution at 4°C. Reagent grade methanol (99.8% pure) was obtained from Anachemia Canada Inc. (Montreal, Quebec). Scintillation counting was done on a Wallac 1409 liquid scintillation counter (Perkin-Elmer Life Sciences Inc., Turku, Finland). "Ready Organic" scintillation cocktail (Beckman Coulter Inc., Fullerton, California) was used for liquid scintillation counting of all samples. A centrifuge ("Centrific" model, maximum centrifuge speed = 4750 rpm, Fisher Scientific Canada Ltd., Nepean, Ontario) was employed for solid-liquid separation.
For the column test, stainless steel HPLC columns (Vydac, Hesperia, California) of two different lengths, 26 and 5 cm, were used. Both columns had an internal diameter of 4 mm and were equipped with a 2 µm frit on each end. A HPLC pump (Model 510, Waters Ltd., Milford, Massachusetts) with a maximum pressure differential of 6000 psi, was employed to pump the radiolabelled naphthalene solution through the lignin-packed columns.
Methods
Leaching of organic matter from lignin
When dried, powdered hydrolysis lignin is mixed with distilled water, the aqueous phase takes on a cloudy, yellowish colour. This colouration, caused by the generation of a colloidal phase and perhaps by the dissolution of organic phenolic matter, was also reported to occur with kraft lignin (Severtson et al. 1996) . Samples of the coloured water absorbed light at a wavelength of 275 nm, as determined on a Hewlett Packard Model 8453 UV-visible spectrophotometer. Absorbance at this particular wavelength, characteristic of phenols, can be attributed to the fact that lignin molecules contain several phenolic groups.
The leaching of lignin in the aqueous phase presents a problem for the complete separation of the solid and liquid phases in sorption studies, given that in the present study, it was determined that the colloidal particles and/or dissolved organic matter passed through a 0.2-µm membrane filter (Pall Gelman Laboratory Inc., Ann Arbor, Michigan). The presence of this organic matter in the aqueous phase can be a source of experimental error in evaluating lignin-water distribution coefficients. Furthermore, in a wastewater treatment scenario, colouration of the effluent after flow through a lignin-packed column would be unacceptable.
It was observed that the degree of colouration is pH-dependent. The more alkaline the lignin-water mixture, the more coloured the aqueous phase, because hydrolysis lignin is more soluble at high pH. However, lowering the pH did not completely eliminate the presence of colloidal/ dissolved matter in the aqueous phase. The addition of electrolytes (alum and calcium chloride) to the aqueous phase, gravity separation of the slurry, and dry sieving of the lignin powder were all ineffective in eliminating the leaching of the colour-imparting fraction.
However, repeated washings of the lignin visibly reduced the content of colloidal particles and soluble matter. The lignin powder was mixed with distilled water, at a ratio of 1 g to 40 mL, and placed on a magnetic stirrer for about 30 minutes. The slurry was then vacuum filtered using a 0.8-µm membrane filter (Pall Gelman Laboratory Inc., Ann Arbor, Michigan). The filtrate was discarded, fresh distilled water was added to the solids, and the mixing was resumed. It was found that once this washing procedure had been repeated three times, no colour was discernible in the aqueous phase after centrifuging. Following the washing procedure, the wet solids were placed in an oven at 100°C overnight. After drying, the clumps of lignin were broken up with a stainless steel spatula.
Samples of water that had been mixed with raw and washed lignin for 96 hours were acidified with HCl to attain a pH<2, and were sent to Bodycote Technitrol Inc. for determination of total organic carbon content. TOC analyses were conducted using a Shimadzu Total Organic Carbon Analyzer Model TOC-5000A (method: combustion/non-dispersive infrared gas analysis; combustion temperature: 680°C; measurement range: 4 ppb to 4000 ppm). Results indicate that the washing procedure significantly reduced the mass of organic carbon dissolved and/or suspended in the aqueous phase. Water samples in contact with raw lignin for a 96-hour period had TOC values of 43.5 mg/L, while water samples in contact with washed lignin for the same time period had TOC values of only 14.0 mg/L. Since the mass of the organic matter present in the aqueous phase was very small compared to the total mass of lignin present in the batch sorption test vials (~0.5%), it was assumed that the sorption activity of the dissolved/colloidal matter was negligible. This amendment procedure provided lignin in a more suitable form for use as a sorbent.
Batch sorption experiments
Batch sorption tests were performed to determine the lignin-water distribution coefficient for naphthalene. In order to ensure accurate determination of the low aqueous naphthalene concentrations, radiotracer techniques were employed. 14 C-labelled naphthalene was used in conjunction with the non-labelled compound in all the experiments and analysis of naphthalene concentrations were performed with the LSC. It was assumed that the radiolabelled naphthalene would partition and behave identically to the non-labelled compound. Hence, the equilibrium aqueous concentration of naphthalene could be determined by relating the radioactivity of a sample of the aqueous phase to the total radioactivity added to the system.
The experiments were performed in duplicate, at twelve different concentrations of naphthalene in water. The two upper values of the initial aqueous concentrations extend beyond the solubility limit of naphthalene in water (31 mg/L at 25°C, Howard and Meylan 1997) . This approach for sorbent loading produces a wider range of equilibrium concentrations, and has been reported for sorption tests involving sparingly soluble compounds, such as phenanthrene (Johnson et al. 2001) . It was assumed that naphthalene molecules partitioning from the water to the solid lignin phase would create the driving force for more naphthalene crystals to dissolve in the aqueous phase, so that no naphthalene crystals would remain when lignin-water partitioning equilibrium was achieved. Equilibrium aqueous naphthalene concentrations less than aqueous solubility confirmed that no crystals remained in the systems.
A methanol carrier solution was used to create the aqueous solutions (Table 1) . Glass vials with Teflon-lined caps were first filled with 40 mL of distilled water. Then, the appropriate volume of a 5.0 g/L stock solution of naphthalene in methanol was added to obtain the desired concentration in water. Next, each vial was spiked with 10 µL of a 14 C-labelled naphthalene solution in methanol with an activity of 4.5 x 10 -3 µCi/µL, resulting in a total activity of about 4.5 x 10 -2 µCi/vial. The vials were then placed in a mechanical shaker for ten minutes to ensure complete mixing of the liquid contents. Samples were taken from each vial in order to obtain accurate initial radioactivity counts for the aqueous phase. The methanol concentrations in the naphthalene solution were low enough that cosolvency effects were negligible. After 0.100 g of pre-washed, ovendried lignin had been added to each vial, they were placed on a mechanical shaker in a constant-temperature room, maintained at 25°C, for a period of 96 hours. Preliminary tests indicated that equilibrium was reached after 48 hours, as there were no significant changes in the aqueous naphthalene concentration after this time period.
After this equilibration period, the vials were centrifuged for a period of 20 minutes. Two 1-mL aliquots of the aqueous solutions from each vial were transferred to liquid scintillation vials and were counted in a liquid scintillation counter to determine the radioactivity. Based on this data, the equilibrium aqueous concentrations were calculated. Most of the supernate remaining in the vials was removed with a pipette, and a fine-tipped syringe was used to extract as much of the residual liquid as possible without disturbing the solids on the bottom of the vial.
To assess whether there were any mass losses, 20 mL of methanol was added to the wet solids in each vial, and they were placed in the shaker for a 48-hour period. A pipette and a syringe were used to extract the methanol wash solution from the vials, and then the procedure was repeated. The recovered methanol wash solutions were analyzed in the LSC. The total mass of naphthalene recovered in the aqueous and methanol phases was computed to assess if a complete mass balance could be accounted for, and to verify that no naphthalene losses had occurred from the system.
Column tests
Both columns were washed and packed with prepared dry lignin, and experiments were performed under the conditions specified in Table 2 . In both cases, prior to running the actual experiments, distilled water was pumped through the lignin-packed columns overnight to flush out any loose particles and to test for leaks in the system. The radiolabelled naphthalene solution used as influent was stored in a flask and mixed throughout the experiment with a magnetic stir bar. The flask was sealed with a rubber stopper wrapped in Teflon tape and aluminum foil in order to minimize losses. Teflon tubing from the flask leading to the pump inlet was passed through a tightly fitting hole in the flask stopper. All other tubing and connections were of stainless steel tubing. The effluent was collected in a flask also sealed with a rubber stopper wrapped in teflon tape and aluminum foil. The entire setup was placed in a fume hood. Effluent samples were collected over time in pre-weighed vials filled with scintillation cocktail. By measuring the final mass of each vial, it was possible to determine the mass of solution collected during each sampling event.
Results
Batch Sorption Experiments
Solid-aqueous phase partitioning can be modeled by various sorption equations. In selecting the most representative model, the conceptual basis of a model needs to be considered along with the quality of fit obtained with the data. The Freundlich model is more widely applicable for solid-aqueous phase partitioning in environmental systems than the linear and Langmuir isotherms. Since it can account for a diversity of site energies, the Freundlich model can be used to describe complex sorption processes on a heterogeneous sorbent (Weber et al. 1992) . The equation for the Freundlich isotherm is:
and in the linearized form is: log C s = log K f + n log C w
where K f is the sorption capacity and n is the Freundlich exponent, which denotes the degree of deviation from isotherm linearity. When the sorption equilibrium data obtained for naphthalene on lignin was fit to this model (Fig. 1) , an R 2 of 0.9989 was obtained. The sorption coefficients are n = 0.914 and K f = 0.799 (mg naph./g dry lignin)/(mg naph./L water) 0.914 , indicating a nearly linear relationship.
Mass balances were performed for each vial in the batch sorption tests and recoveries averaged 96%, indicating that there were no significant losses of naphthalene from the vials. The losses observed are likely due to volatilization. 
Column Tests
A column test was attempted, however it was found that pumping the naphthalene solution through the packed columns caused the wet lignin to become significantly hardened over time, resulting in a large pressure drop across the system. Regardless of whether a downflow or an upflow configuration was used with the 26-cm long column, operating the pump at a flowrate of 1.0 mL/min resulted in an increase in pressure differential from 3000 psi to the maximum allowable value of 6000 psi, causing the pump to shut down before the experiments could be completed. Indeed, upon removing the column ends and examining the lignin inside, it was evident that the powder had hardened to a cement-like substance. The experiment was repeated with the shorter 5-cm column, but the pressure drop across the system was still significant, reaching 4000 psi. When the column ends were removed, it was clear that hardening of the lignin had occurred with the shorter column as well, especially at the outlet end. Due to the large pressure drop across the columns, it became apparent that powdered lignin is not suitable for use in a packed bed.
It should be noted that when distilled water was pumped through either column for extended periods of time (12-14 hours), no hardening of the lignin was discernable at all. It is possible that naphthalene sorption on to the lignin was responsible for the hardening of the sorbent material. This hardening behaviour has not been reported in other studies.
Discussion
The Freundlich parameters obtained for this study indicate that the sorption isotherm for naphthalene on hydrolysis lignin is nearly linear, suggesting that sorption energy is almost uniform. The small deviation from linearity can be attributed to slightly different site energies due to the vari- ous functional groups on the lignin molecule. A linear isotherm implies that the affinity of the solid for the sorbate remains the same for all concentrations (McGinley 1993) . A typical system for the linear sorption model is solute partitioning from an aqueous phase to a homogeneous organic phase (Weber et al. 1992) . Conceptually, this absorption process is equivalent to the dissolution of the sorbate molecules in the sorbent matrix. Pignatello (1998) likens the sorbent in this type of partition mechanism to a polymer mesh phase that is dynamic and behaves as a sort of viscous liquid.
In order for lignin to be considered an attractive sorbent, it must have a sorptive capacity for organic contaminants that is comparable to that of activated carbon, the most commonly used sorbent in industry. However, a direct comparison of literature values for the sorption capacities of different sorbents is very difficult to make. A dimensional analysis of the Freundlich isotherm equation (equation 1) indicates that the units of K f , (mass of sorbate/mass of sorbent)/(mass of sorbate/volume of water) n , vary non-linearly with the Freundlich exponent, n. Due to the associated dimensional problems, K f values derived from sorption isotherms with different exponents cannot be directly compared, without risking incorrect interpretations of the data. Carmo et al. (2000) have addressed this issue by developing a modified Freundlich equation that allows for the comparison of sorption data for different sorbents through the use of unit equivalent coefficients. In this approach, the Freundlich equation is modified by replacing C w , the aqueous phase equilibrium concentration, with a solubility-normalized equilibrium concentration, referred to as the reduced concentration, C r = C w /S scl , where S scl is the aqueous solubility value for a given sorbate in the supercooled liquid state. Since dissolved organic compounds exist as liquids, the supercooled liquid state solubility S scl is required to calculate the reduced concentration C r , instead of S w , the crystalline solid aqueous solubility. The resulting modified equation is written as:
where K' f is the modified Freundlich coefficient. Since the ratio C r is dimensionless, K' f has the same units as C s , (mass of sorbate/mass of sorbent), which are independent of the value of n. The relationship between K' f and K f is expressed as:
The S scl values for a given organic compound at the equilibrium temperature can be estimated from the melting point (T m ), the aqueous solubility of the crystalline solid (S w ), and the heat of fusion (∆H fus ) according to the following equations:
where R is the gas constant and fs and fl are the fugacities of the crystalline solid and the supercooled liquid state, respectively. Since values for the heat of fusion are not readily available for all organic compounds, they may be estimated from the entropy of fusion: ∆S fus = ∆H fus /T m . The entropies of fusion are nearly constant across organic compounds, and an average value of 57 J/mol K is often used (Yalkowski 1979) . Table 3 shows the sorption isotherm parameters for various organic compounds on both lignin and activated carbon, gathered from current scientific literature, and converted to unit equivalent Freundlich coefficients. When the data is available in terms of the linear partitioning coefficient, K d (units are in terms of volume of water/mass of sorbent), they were assigned a linearity index n equal to 1. The physicochemical properties that were used to calculate S scl for each organic compound at 25°C are listed in Table 4 .
The modified Freundlich coefficients are presented in Fig. 2 for comparison purposes. Data was available for sorption on both lignin and activated carbon for three HOCs, naphthalene, toluene, and TCE. For the remaining compounds, the modified K' f values are for sorption on either lignin or activated carbon. It is apparent that there is no definite trend to indicate whether lignin or activated carbon is the better overall sorbent for HOCs. Activated carbon has a higher affinity for naphthalene and toluene compared to lignin, but the opposite is true for TCE. Furthermore, the sorption capacity of lignin for 1-naphthol, 2,4-DCP and 2,4,5-TCP is higher than that of activated carbon for benzene. These discrepancies most likely indicate that each compound and sorbent interaction is unique. However, it may be concluded that the sorptive capacities of the two sorbents are generally comparable, and that their performance will depend strongly on the sorbate in question.
In performing a comparison of sorption data values for lignin and activated carbon, there are other difficulties beyond the dimensional problems associated with K f . Firstly, it is widely recognized that sorption coefficients vary depending on the range of aqueous sorbate concentrations employed. The ranges of equilibrium aqueous concentrations used to generate the sorption coefficients reported for lignin and for activated carbon were not necessarily the same for both sorbents, and at times were not explicitly stated.
As stated earlier, there are several varieties of lignin whose properties and characteristics vary enormously depending on the source of the material and the technique used to isolate the lignin from the woody plant tissue. Similarly, there are various grades of activated carbon, with different surface areas and pore volumes, parameters that would significantly affect sorption behaviour. It is important to keep in mind that the affinity of different grades of activated carbon, or types of lignin, for organic compounds is not equal. Therefore, to lump all activated carbons, and likewise all lignins, into a common group would be an oversimplification. The values plotted in Fig. 2 point to the fact that the variations in the K' f values for each sorbent type (lignin vs. activated carbon) are actually greater than the variations between the two sorbents. Reported as the linear distribution coefficient, Kd. Brás et al. (1999) conducted a comparison of the performance of activated carbon and lignin-containing pine bark chips for the sorption of organochlorine pesticides. In their column tests, the feed concentration of each compound studied was fixed. They found that the sorption capacity of the pine bark was comparable to that of activated carbon for the concentration examined. It can be surmised that certain types of lignin, including the acid hydrolysis lignin preparation used in this study, have a strong sorptive capacity for HOCs, which makes them an attractive alternative to activated carbon.
Conclusions
Lignin is an abundant bioresource whose sorptive properties for non-polar, hydrophobic organic contaminants have yet to be fully exploited. The results from the batch sorption tests conducted in this study indicate that this particular preparation of hydrolysis lignin is indeed a good sorbent for naphthalene, and findings from the current scientific literature support the hypothesis that similar lignins would perform well for other hydrophobic organic contaminants.
To fully evaluate the potential of lignin, there are practical considerations to be weighed. In order to be promising as a commercially viable sorbent, hydrolysis lignin must not only perform well in a controlled laboratory setting, but also in industrial, large-scale operations. The properties of an ideal sorbent include the following: 1) presence of numerous binding sites or sorption phases, 2) insolubility in water to prevent sorbent losses, 3) ease of solid-liquid separation, 4) possibility of regeneration for re-use, and finally, 5) low cost and ease of procurability. Howard and Meylan (1997) . b Obtained from Lide (2000) . c Calculated from ∆Hfus = Tm ∆Sfus, with ∆Sfus taken to be 57 J/mol K (Yalkowski 1979).
The acid hydrolysis lignin preparation employed in these studies does not meet all of the criteria stated above. It is a fine, dry powder that tends to leach in water, colouring the aqueous phase. Reducing this leaching requires an extensive washing and filtering pre-treatment step. As of yet, no method of regenerating lignin has been developed, so it may only be used as a sorbent once. Consequently, problems concerning the disposal of large amounts of contaminant-laden lignin arise as an important environmental issue. The challenge of developing a means of regenerating the sorptive sites in lignin warrants further investigation. Despite these shortcomings, the sorptive capacity of lignin may still be exploited. For instance, the use of lignin at a pre-treatment stage to reduce the concentration of contaminants in wastewater would be a cost-effective tactic to delay saturation and prolong the active life of activated carbon before regeneration is required. Results from this study indicate that the powdered form of acid hydrolysis lignin is not suitable for use in a packed bed, since it tends to harden when in contact with a naphthalene solution, and might exhibit this characteristic with other organic solutes as well. However, a possible alternative would be the use of a fluidized bed, operating at a sufficiently high superficial velocity to overcome the compacting.
Future work could address the challenge of modifying the physical properties of powdered lignin to make it more suitable for use in largescale, industrial operations. One approach could be to reduce the content of very fine particles in processed lignin, which most likely contribute to the leaching problem. Another possibility would be to agglomerate the powder into pellets, encapsulating the fines within the aggregate. Yet, in order not to significantly reduce the surface area available for sorption, which would negatively affect the sorptive capacity of lignin, a microporous aggregate would have to be developed.
The sorptive properties of lignin could be further exploited by using it as an inexpensive sorbent filler material in an underground barrier wall. The purpose of this treatment technology is to intercept and contain contaminant plumes in the subsurface. A vertical barrier wall containing lignin, strategically placed perpendicular to groundwater flow, would remove dissolved organic contaminants present in groundwater through sorption, and prevent further spreading to the surrounding area. Lignin would be a suitable filler material since it is a source of natural organic matter that is resistant to decomposition, and would provide a stable, long-term solution.
As stated earlier, various types of lignin have a greater sorption affinity for organic compounds than other forms of natural organic matter, such as cellulose, chitin and humic acid. Consequently, lignin is likely to be a strongly sorbing component of soils contaminated with hydrophobic organic compounds. Wood, and by association lignin, is an absorbant material that is present as fill at many industrial sites, and is a major component of solid waste at landfills that accept demolition wastes (Mackay et al. 2000) . Hence, the lignin present at these sites will play an important role in the sorption and retardation of any hydrophobic organic contaminants that may be present in the subsurface.
